Methods for the measurement of the lysosomal enzymes acid cholesterol-ester hydrolase and N-acetyl-{5-glucosaminidase werc adapted for use with freshly isolated circulating mononuclear cells. Activities of both these enzymes increased (to 259 and 147% of control values respectively) after 7 days of insulin therapy in diabetic subjects. Low density lipoprotein degradation by freshly isolated mononuclear cells increased simultaneously by 67% (p< 0.05). The findings in this pilot study suggest [l ] that circulating mononuclear cells can be used to evaluate the effect of metabolic changes in vivo on lysosomal enzymes and low density lipoprotein metabolism, and [2] that insulin can stimulate cellular lysosomal enzyme activity.
The activities of aortic acid cholesterol ester hydrolase and other lysosomal enzymes have been shown to be significantly decreased in experimental diabetes [7] . Since altered lysosomal enzyme activities in experimental diabetes are corrected by insulin therapy [7] , and since insulin enhances LDL receptor activity in vitro [8, 9] , the present study was undertaken to determine whether insulin treatment of diabetic patients would increase lysosomal enzyme activity and degradation of LDL by freshly isolated mononuclear cells. Acid cholesterol esterase was measured because of its potential significance in cellular cholesterol ester accumulation. N-acetyl- [3-glucosaminidase, although not implicated in atherogenesis, was studied as a marker enzyme to determine if any changes observed were limited to cholesterol ester hydrolase or not. Mononuclear cells were used because they can be studied shortly after their removal from the patient and therefore should be representative of cells in vivo.
Atherosclerotic cardiovascular disease frequently is associated with diabetes mellitus, coronary heart disease being the leading cause of death in diabetes today [ 1 ] . A prominent feature of the atherosclerotic lesion is lipid accumulation, predominantly as esterified cholesterol [2] in "foam cells". These cholesterol esters appear to be derived from plasma low density lipoproteins (LDL) [3, 4] that enter cells after binding to specific cell surface receptors. LDL is then internalized and undergoes lysosomal degradation [5] . De Duve has suggested that decreased lysosomal function plays a role in the pathogenesis of atherosclerosis and that cholesterol ester accumulation occurs because of a relative deficiency of acid cholesteryl-ester hydrolase activity in the lysosome [6] .
Experimental Procedures

Materials
Cholesterol [1-1aC] oleate (50-60 mCi/mmol), sodium t251-iodidc (carrier free in 0.1 mol/I NaOH) were obtained from Amersham/ Searle (Arlington Heights, Ill.). Aquasol and Triton X-100 were from New England Nuclear (Boston, Mass.). Sigma Chemical, (St. Louis, Mo.), supplied cholesterol oleate and bovine serum albumin, and Supelco (Bellefonte, Pa.) supplied egg yolk lecithin and sodium taurocholate. 4-Methylumbelliferone was obtained from Eastman Kodak (Rochester, NY), and 4-methylumbelliferyl-2-acetamido-2-deoxyq3-D-glucopyranoside from Koch Light l.aboratories (Colnbrook, Bucks, England). Erythrosin B was obtained from Fisher Scientific (Pittsburgh, Pa.) and Lymphoprep, a mixture of sodium mctrizoate and Ficoll (final density, 1.077 g/ ml), was obtained from Gallard-Schlesinger (Mineola, NY). Dulbecco's phosphate buffered saline, Hank's balanced .salt solution and RPMI 1640 medium wcre purchased from GIBCO (Grand Island, NY).
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Isolation of Mononuclear Cells
Peripheral mononuclear cells were isolated from 60 ml of blood obtained after an overnight fast by the method of Boyfim [10] , as modified by Ho et al. [11] . The cells obtained were counted in a Coulter counter. Cell viability as assessed by erythrosin B exclusion, was always greater than 95%. DifferentiaI counts revealed that 64-73% of the freshly isolated mononuclear cells were lymphocytes, the rest monocytes. Only occasional platelets could be seen on examination of the smears.
Preparation of Cell Free Extracts for Lysosomal Enzyme Determination.
Cell pellets (2-3 • 106 cells) were dissolved in 1 ml of 0.25mol/1 sucrose, l mmol/l EDTA, containing 0.1% (v/v) ethanol. Triton X-100 (0.1%, v/v) was mixed thoroughly with the cell pellet and incubated for 10 min at 37 ~ C in a metabolic shaker. The cell extract so obtained was frozen at -70~ until assayed within the next two weeks. The two enzymes measured were stable under these conditions for up to one month.
Assay of Acid Chotesteryt-ester Hydrolase (EC 3.1.1.13).
Acid cholesterol ester hydrolase in mononuclear cell extracts was assayed essentially by the method described for use in other cell types [12] . To prepare 1 ml of substrate, cholesterol-[1-14C]oleate [1 ~tCi], 10 nmol of cholesterol oleate and 0.8 ~unol of egg yolk lecithin in benzene were mixed and dried under a stream of nitrogen. Na taurocholate (0.25 ml of 2.4 mmol/1) was.added and the mixture was sonicated on ice with a Branson Sonifier (Branson Instruments, Danburg, Conn.) for 20 s at setting 2.5. Then 0.25 ml of bovine serum albumin (200 gg/ml) and 0.2 mol/l sodium acetate-acetic acid buffer, pH 4.0 were added and thoroughly mixed. The reaction was started by adding 100 jxl of cell free extract to 100 ~tl of substrate, Incubations were performed for i h at 37 ~ C. The reaction was stopped by the addition of 3.25 ml of ice-cold extraction mixture (chloroform-methanol-heptane, 1.25:1.41 : t), i ml of 0.5 mol/I sodium carbonate-bicarbonate solution pH 10.5 and 30 ~tl 1 mol/l NaOH. After mixing thoroughly and centrifuging for 20 rain at 800 g, 1 ml of the upper phase was transferred to scintillation vials and counted in 10 ml of Aquasol in a Packard Tricarb liquid scintillation spectrometer, model 3375 (Packard Instrument, Downers Grove, Ill.). A solution of radiolabelled oleic acid was used as internal standard. All assays were performed in duplicate.
Enzyme activity was linear with protein concentration up to 20~g/100~1, linear with time up to 180min, saturated with cholesterol oleate 200 ~xmol/l and had a pH optimum of 4.
Assay of N-Acetyl-fi-Glucosaminidase (EC 3.2.1.30).
For the measurement of this enzyme, the fluorimetric method of Peters et al. [13] as modified by Fowler et al. [14] was adapted to use with mononuclear cells. Cell free extract (0.1 ml) was incubated at 37 ~ C for 60 min with 0.1 ml of 0.2 tool/1 4-methylunlbelliferone-2-acetamido-2-deoxy-B-D-~ucopyranoside in 0.25 mol/1 sucrose containing 0. I moI/1 acetate buffer pH 5.7. The reaction was stopped by the addition of 2 ml 50 mmol/l NaOH glycine buffer pH 10.5 containing 5 mmol/1 EDTA. The liberated 4-methylumbelliferone was measured in an Aminco SPF 500 fluorescence spectrometer with a xenon lamp power supply (Aminco, Silver Spring, Md.). The exciting wavelength was 365 nm and the emission wavelength was 460 nm. Suitable enzyme and substrate blank assays were performed. Standard curves were obtained by mixing 4-methylumbelliferone in the appropriate buffer with 2 ml NaOH glycine buffer and measuring the amount of fluorescence as described above.
Enzyme activity was linear with protein concentration up to 6 ~g/100 ~d, with time up to 90 rain, saturated with substrate at 1.5 mmol/1 and had a pH optimum of 5.7.
Degradation of :25I-LDL by Intact Freshly Isolated Mononuclear
Cells. LDL degradation by mononuclear cells was determined essentially by the method of Ho et al. [11] using LDL (d = 1.019-1.063) iodinated with 125I by the iodine monocldoride method as modified for lipoproteins [15] as previously described [8, 9] . Four million freshly isolated cells in 1 ml medium containing 30% lipoprotein deficient serum (v/v), were incubated with lzsI-LDL for 4 h at 37 ~ C in the presence or absence of a 25-fold excess unlabeled LDL. Degradation products of LDL were determined as previously described [9] . Nonspecific degradation was determined in dishes containing a 25-fold excess of unlabeled LDL Nonspecific degradation was subtracted from total degradation of 125I-LDL to give a measure of "high-affinity" LDL degradation [11] .
Since freshly isolated mononuclear cells from normal subjects have low numbers of specific, high affinity LDL receptors, determination of cumulative LDL degradation over a period of time was used as an amplified measure of LDL binding to its receptor [11] . To evaluate the specificity of this assay, unlabelled lipoproteins were added in increasing concentration to determine their ability to compete with I~I-LDL for its degradation. Unlabelled LDL competed effectively with ~25I-LDL for its degradation, while unlabelled high density lipoprotein 3 (HDL3), which is virtually devoid of apoproteins recognised by the LDL receptor, did not Figure 1A ). When increasing concentration of '25I-LDL were added to cells, high affinity degradation was saturable (Figure I B) , suggesting that this assay provides a valid measure of I.DL receptor activity.
Patients" and Protocol. Seven non-kctosis prone diabetics, aged 39-61 years (Table 1) , were studied prior to their commencing insulin therapy and again after 1 week of treatment. None was taking drugs other than insulin nor did any have associated diseases. Insulin was administered either as lente or isophanc (NPH) insulin and was injected as a single dose in the morning. At the time of the repeat study, the mean insulin dose was 27 +_ 13 U/ day. Fasting plasma glucose fell from a pretreatment value of 17.5 + 4.4 to 11.3 + 2.8 mmol/I at the time of the repeat study (p< 0.02). Blood was drawn after a 12-14 h overnight fast (24 h after the previous insulin dose) for the isolation of circulating mononuclcar cells and for the determination of plasma glucose, cholesterol, triglyceridc and lipoprotein levels. Informed consent was obtained from all subjects.
Other Assays. Cell protein content was determined by the Lowry method [16] . Plasma cholesterol and triglyceride were measured on an AAII autoanalyser using standard techniques [17] . Lipoproteins were quantified after preparative ultracentrifugation by standard methodology [17] .
Statistics. Values before and after insulin treatment were compared by Student's paired t-test or Wilcoxon's paired sample test.
Results
Insulin therapy resulted in a decrease of fasting plasma glucose (Table 1) , a decrease in total plasma triglyceride and cholesterol and low density lipoprotein cholesterol, while high density lipoprotein cholesterol was increased (Fig. 2) . After 7 days of insulin therapy, degradation of 125I-LDL increased by 20-150% in 5 patients, did not change in one and fell slightly in the last (Fig. 3 ) (p<0.05). Lysosomal enzyme activities were determined in cell extracts from freshly isolated mononuclear cells in 5 patients. The activities of both acid cholesteryl ester hydrolase and N-acetyl-~-glucosaminidase increased in the five patients studied ( Fig. 3; p<0 .05).
Discussion
The findings in this study illustrate that freshly isolated circulating mononuclear cells can be used to evaluate changes in LDL metabolism in vivo. Cells isolated by density gradient centrifugation appear to metabolise LDL by the receptor-mediated LDL pathway in a manner analogous to other extrahepatic cells [5] , despite circulating mononuclear cells being exposed to a higher concentration of LDL than is present in most tissues. Insulin treatment in the diabetic patients led to the expected reduction in fasting plasma glucose and the capacity of the cells to degrade 125I-LDL increased. The findings agree with in vitro studies from our laboratory which indicate that insulin stimulates LDL degradation by increasing the number of LDL receptors on cultured human fibroblasts [9] . In the present study, plasma and LDL cholesterol levels fell concurrently. The degradation of 125I-LDL when added at a concentration on the high affinity part of its concentration curve, represents a time integrated measurement of LDL receptor activity [9, 11] , since each cell surface LDL receptor will bind and hence internalise many LDL particles during the period of incubation. Although specific, high affinity saturable degradation by mononuclear cells resembles that seen in other cell types [5, 9, 18] , it is nonetheless conceivable that the increased LDL degradation observed during insulin therapy might reflect enhanced lysosomal breakdown of LDL. To address this question directly, it would be necessary to measure LDL degradation and binding concurrently. However, due to the high concentration of LDL in the bloodstream, LDL receptors are relatively suppressed in freshly isolated mononuclear cells, making accurate measurement of binding difficult with established methods. Thus, while our present pilot study suggests that the in vitro effect of insulin on the LDL pathway might also operate in vivo, we cannot yet conclude this positively.
The specific activities of several lysosomal enzymes, among them acid cholesteryl ester hydrolase, are decreased in experimental diabetes, in the face of increased circulating levels of cholesterol and lipoproteins [7] . De Duve has postulated that cholesterol ester accumulation in atherosclerotic vessels could reflect a relative deficiency of acid lipase within vascular smooth muscle cells [6] . In the presence of high levels of substrate (cholesterol-ester rich low density lipoproteins) incomplete hydrolysis of internalised LDL could lead to progressive intralysosomal accumulation of cholesteryl ester in arterial wall cells and hence to the development of arteriosclerotic vascular disease.
Decreased lysosomal hydrolase activities in experimental diabetes could be restored to normal values by insulin treatment [7] . Our preliminary data provide support that a stimulatory effect of insulin on lysosomal hydrolases also operates in man, although our data do not distinguish between an increase in lysosomal content and an increase in the specific activities of the enzymes. Further studies are needed to determine whether acid cholesterol activity is reduced in cells from diabetic patients, and what long-term effects such deficiencies might have on cellular cholesterol accumulation.
